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ABSTRACT 
 
 
 
Impact of Organic Matter Composition from Urban Streams and Storm Water on Oxygen 
Consumption Rates in Receiving Waters 
 
by 
 
Jacob M. Richardson, Master of Science 
Utah State University, 2014 
 
Major Professor: Dr. R. Ryan Dupont 
Department: Civil and Environmental Engineering 
Coarse particulate organic matter (CPOM) is an essential part of the food chain in 
aquatic ecosystems because it represents a readily available carbon and energy source. 
The process by which it decomposes in rivers has been well studied and documented. 
However, the rate and extent of biodegradability of various CPOM components (i.e., 
twigs, leaves, grass, etc.) in storm drains is not well understood. The Jordan River TMDL 
study identified storm water generated CPOM as a likely cause of low dissolved oxygen 
levels in the lower Jordan River, but recent investigations have suggested that dissolved 
organic matter generated from this CPOM in storm drains and culverts entering into the 
Jordan River, rather than the CPOM itself, is the main driver of oxygen impairment. The 
degradability of CPOM components transported and stored in the storm drain system was 
studied to understand its relative impact on dissolved oxygen and nutrient status in the 
Jordan River. Results indicate the generation of highly degradable organic material is a 
iii 
 
function of the starting CPOM, and oxygen consumption is associated with the dissolved 
portion of organic material leached from CPOM in water. Leaves and grass produced the 
highest levels of all parameters studied. Between 93% to 95% of total oxygen demand is 
generated within the first 1 to 3 hours of the 24 hour test. Chemical oxygen demand and 
dissolved organic carbon proved to be the best indicator of biochemical oxygen demand. 
By using the results of the leaching study an estimate of water quality indicator levels in 
the Jordan River was made, and was compared to levels in samples collected from the 
Jordan River. The estimate proved accurate for dissolved organic carbon but not for total 
or volatile suspended solids. Results of this study were used to discuss possible solutions 
to reduce oxygen demand in the Jordan River.  
 
(106 pages) 
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PUBLIC ABSTRACT 
 
Impact of Organic Matter Composition from Urban Streams and Storm Water on Oxygen 
Consumption Rates in Receiving Waters 
 
by 
 
Jacob M. Richardson, Master of Science 
Utah State University, 2014 
 
Major Professor: Dr. R. Ryan Dupont 
Department: Civil and Environmental Engineering 
The water quality of the Jordan River has been the subject of a Total Maximum 
Daily Load study conducted under the direction of the Utah Department of 
Environmental Quality’s Water Quality Division (DWQ). They have determined the 
oxygen impairment issues in the river are most likely tied to the amount of organic 
material entering the river from various sources.  
The focus of the study conducted by Jacob Richardson was organic material that 
enters the Salt Lake City storm drain system, and is eventually released into the Jordan 
River. He found that leaves, grass, and wood particles that enter the storm drain can have 
a significant negative impact on the levels of biodegradable material in the storm water. 
Current practices include capturing these leaves, referred to as coarse particulate organic 
matter or CPOM, at the outlet of the storm drain to the river. Results indicate that it 
should be removed within 1 hour to limit its impact on water quality in the Jordan River.  
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INTRODUCTION 
 
 
 
 Coarse particulate organic matter (CPOM) is described in general as the portion 
of organic particulates that are larger than 1 mm in diameter (Vannote et al. 1980). In 
stream ecology, CPOM’s role in an ecosystem is to provide an energy source for riverine 
biology. Bacteria metabolize the CPOM as well as soluble portions of organic matter 
(OM) that have dissolved into the water column. As these bacteria consume the 
biodegradable portions of the OM, dissolved oxygen (DO), when present in the water 
column or sediments, is consumed as it is used as an electron acceptor. The rate of this 
metabolism and its associated oxygen consumption is the major focus of this study. 
Sources of CPOM are typically low-order mountain streams that have high 
amounts of allochthonous inputs of leaves and woody debris as it falls from trees and 
shrubs that line the stream’s banks (Vannote et al. 1980). Different stream ecosystems 
will produce different types of CPOM depending on the plant types and species found in 
the contributing watershed. An extensive number of studies have been conducted on the 
differences in consumption rates of dissolved organic matter (DOM, diameter <0.45µm) 
(for example see Dahm (1981) and cited references). Results from these studies show 
significant DOM consumption within the first 1 to 4 hours of study depending on CPOM 
species (Dahm 1981; McArthur and Richardson 2002; Sun et al. 1997).  
The processes involved in the utilization of DOM across ecosystems are 
reasonably well known (Cleveland et al. 2004), but the oxygen consumption associated 
with these processes is not as well studied, nor have these studies been widely applied to 
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the field of civil engineering in the design of storm water runoff collection and 
conveyance systems.  
The Jordan River 
Located in northern Utah, the Jordan River runs south to north bisecting the Salt 
Lake Valley. Several creeks and streams originate in the mountains to the east and pass 
through the urbanized areas of Salt Lake City and its suburbs, eventually reaching the 
Jordan River (Figure 1). Currently, several of these streams are conveyed to the Jordan 
River via a system of pipes and box culverts that also collect storm runoff during rain 
events. Associated with these storm water flows are loads of organic and inorganic 
material accumulated from the contributing natural and urbanized watersheds. These 
stream and storm water conveyance systems have recently become part of a larger study 
of the Jordan River and water quality issues related to DO, that is below state and federal 
standards for its designated uses (Cirrus 2012). The current understanding of CPOM 
metabolism and its associated oxygen consumption was applied to the types of organic 
material collected in the storm drain system which discharges into the Jordan River to 
determine if CPOM loading from storm water runoff in this system has significant 
impacts on the depletion of DO in the river. 
Research Objectives 
 The hypothesis of this study is that CPOM stored in the storm drain systems that 
discharge into the Jordan River results in significant input of biochemical oxygen demand 
(BOD) during storm events in the form of biodegradable dissolved organic carbon (DOC) 
and biodegradable OM. To test this hypothesis, four objectives were established.  
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Figure 1: Jordan River tributaries and canals (Wikipedia.org 2010) 
 
Objective 1 was to determine the chemical characteristics of the various CPOM 
sample types originating from the drainage area. Three groups of CPOM samples were 
identified; wood (twigs and branches), leaves (fresh and green), and grass (lawn 
clippings). Subsamples from each group were dried, ground, and analyzed for chemical 
oxygen demand (COD) and carbon and nitrogen content.  Oxygen consumption was 
compared to the chemical characteristics (COD and C, N content) of each group to 
determine which characteristic best predicted the group’s associated oxygen 
consumption.  
Objective 2 was to quantify the rate of decomposition of those groups of CPOM 
that are found in the stream and storm water that enters the lower reaches of the Jordan 
River. The rate of decomposition was measured by the rate at which the CPOM breaks 
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down into finer sized particles (0.45µm <diameter <1mm, referred to as fine particulate 
organic matter (FPOM) in the aquatic ecology literature, and VSS in the environmental 
engineering literature), dissolved organic carbon (DOC), and ammonia, organic nitrogen, 
nitrate and nitrite (measured as total dissolved nitrogen, TDN). These parameters were 
also compared to oxygen consumption to see which one best predicted the observed 
oxygen consumption.  
Objective 3 was to establish the biochemical oxygen demand (BOD) for the 
CPOM groups. Included in this objective was determining the portions of the total BOD 
that are carbonaceous (cBOD) and nitrogenous (nBOD). The BOD values were then 
compared to the results of the test conducted as part of Objectives 1 and 2 to determine 
which chemical characteristic or parameter best predicted BOD. The BOD values were 
then also used to determine a rate constant “k.” The purpose for this was to make the 
results of this study useful in the application to water quality modeling for the Jordan 
River, as well as for water bodies receiving similar types of CPOM. Part of this objective 
also included determining if the method outlined in this study could be used in estimating 
BOD loading to the Jordan River. This was done by estimating flow and mass loading 
rates to determine concentrations of each of the parameters, and comparing them to the 
results of the analysis of the water samples taken at a location in the Jordan River 
downstream of the Salt Lake City storm drain discharge point. 
Based on results from the study, recommendations were made on how to proceed 
in terms of management and control of storm water pollutants. Future work was also 
suggested to better understand the full impact of CPOM on the Jordan River.  
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LITERATURE REVIEW 
 
 
 
CPOM, The River Continuum Concept, and The Urban Continuum Concept 
 During the late 1970s large amounts of research was focused on understanding the 
physical variables that govern the aquatic ecology of streams from their headwaters to 
their mouths. These efforts were compiled and summarized into what is called The River 
Continuum Concept (Figure 2). According to this concept, sources of CPOM are low 
order, headwater streams where organic material from riparian vegetation is abundant and 
relative channel width is small. Autotrophic activity is limited by shading, and 
allochthonous detritus contributions are large. As the CPOM moves downstream, it is 
reduced to FPOM (Volatile Suspended Solids, VSS) by physical abrasion, and chemical 
and biological decomposition. This concept has served as a background for stream 
ecology for several decades, but in cases where urban growth and infrastructure has 
changed the way low order streams are conveyed, this concept is no longer applicable. 
 
 
Figure 2: The River Continuum Concept (Vannote et al. 1980) 
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Recently Kaushal and Belt (2012) proposed the Urban Watershed Continuum that 
provides a framework for understanding how changes to the natural landscape and 
hydrology in urban areas has affected the ecological function of natural waterways. Their 
research, which has been focused on the Baltimore Maryland area, considers how 
urbanization typically includes the burial of low order streams which can cause increases 
in organic matter from engineered storm drains, swales, leaky sewers, and ditches. Figure 
3 illustrates these modifications and their effects. Modifications associated with urban 
systems have also been found to alter the transport and retention of nutrients from 
headwaters to outlets. Kaushal and Belt’s (2012) results indicate a reduction in nitrate 
along streams. One possible explanation for this is that increased carbon inputs enhance 
uptake and denitrification. Further study of the effects of urbanization is needed to clearly 
define modifications to organic carbon and nutrient transport and retention in the urban 
water systems. 
 
 
Figure 3: The Urban Continuum Concept (Kaushal and Belt 2012) 
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DOC in Streams 
 The role of DOC in stream ecology has been extensively studied. It is well 
understood that significant sources of DOC include leaf litterfall from the watershed. In a 
study conducted by Meyer et al. (1998) in the Coweeta Hydrologic Laboratory in Macon 
County North Carolina, a stream was deprived of litterfall for 3 years. The impact on 
DOC levels in the stream was measured and showed that approximately 30% of daily 
DOC exports in this stream were from leaf litter stored in the stream. McArthur and 
Richardson (2002) studied the utilization rates of DOC derived from five species of 
leaves common to a research watershed in British Columbia, Canada. Bacterial growth 
was measured using [3H] leucine incorporated into protein. They found that there are 
significant differences in the DOC leaching and utilization rates from different leaf 
species, and that the carbon to nitrogen ratio was the best predictor of bacterial growth 
during the study.  
 Several studies have looked at the effect of different sources of DOC found in 
streams. Mulholland (1997) showed by a comparative analysis of DOC concentration 
versus organic matter input and storage that watershed processes were more important 
than in-stream processes in controlling DOC in stream water. The importance of 
terrestrial sources during seasonal and weather variations has also been shown 
(Hornberger et al. 1994). In contrast, Aiken et al. (1996) found that DOC comes from 
autochthonous organic material stored in the channel in well-lit streams draining 
watersheds where there are few terrestrial DOC sources.  
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OM in Jordan River Studies 
 Several other researchers are studying the OM content in the Jordan River. Baker 
et al. (personal communication Aug. 7, 2013) are looking into how the surface and 
benthic OM loading and composition change throughout the length of the river. Results 
from their study are not yet published but initial observations indicate that the CPOM 
concentrations in the river do not vary with time. Also, extremely high levels of DOM 
were measured in winter samples. In addition to the data being collected and analyzed by 
Baker et al., there are data available for VSS and BOD5 for synoptic survey events of the 
Jordan River collected by representatives of wastewater treatment plants that discharge 
into the Jordan River (samples were collected from 1998-2008) (Cirrus 2010). These data 
have been used in past studies of the Jordan River and may prove useful in comparing 
current loading to past conditions.  
Jordan River TMDL 
 The Jordan River was listed as impaired on the State of Utah’s 303(d) list of 
impaired water bodies. According to the Federal Clean Water Act, the State of Utah is 
required to determine the maximum amount of pollutants the Jordan River can receive 
and still meet the designated water quality requirements (Cirrus 2010). The current 
TMDL is focused on determining the processes that are affecting the DO levels in the 
lower Jordan River. Below is a summary of the four processes that have been identified 
as possible contributors to low DO (Cirrus 2010): 
1. Physical factors, including water temperature and channel characteristics that 
influence reaeration from the atmosphere. 
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2. Aerobic decomposition of OM and inorganic nitrification of NH4 in the water 
column (measureable as biochemical oxygen demand, BOD) 
3. Aerobic decomposition of OM and inorganic oxidation at the interface between 
the water column and bottom sediments (measureable as sediment oxygen 
demand, SOD). 
4. Algal growth generating a net increase in DO during daylight hours and net 
consumption of DO associated with respiration during the night (Cirrus 2010). 
It is important to point out these four processes in order to understand that the results of 
this study are not intended to be the entire solution to the low DO problem in the lower 
Jordan River. Instead they are intended to provide input to a portion of the overall 
solution. With that said, the results of this study will hopefully provide insight into the 
second process listed, aerobic decomposition of OM and inorganic NH4 in the water 
column.  
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MATERIALS AND METHODS 
 
 
 
Sample Collection and Analysis (Objective 1 and 3) 
Site description - Water samples used for this study were collected from a 
location downstream of the outlet of one of the Salt Lake City storm drain discharge 
points (Objective 3) (see Appendix A). CPOM samples were collected from Liberty Park, 
and more specifically the area surrounding the lake (Objective 1). This park was used as a 
representative sample for the contributing watershed for the storm drain system that runs 
below the 900 South and 1300 South roadways in Salt Lake City, and discharge into the 
Jordan River. 
Water samples were collected as grab samples using a 1 L plastic bottle attached 
to a pole with the sample being retrieved from approximately 1 foot below the water 
surface when possible. The water was then distributed into containers as explained in 
Table 1. As each of the sample containers were filled, a label was attached to the 
container indicating location, date, time, sampler name, preservation method, and bottle 
type. Sample containers were kept cool while they were transported.  Samples were 
analyzed at the Utah Water Research Laboratory Water Quality Lab in Logan, Utah that 
is located approximately 1.5 hours away from the sampling sites. Once at the testing 
laboratory, a laboratory log number and log-in date were added to the sample label, and 
the samples were placed in cold storage at 4°C until they were analyzed. The holding 
time for each of the samples is also indicated in Table 1 (Objective 3). 
 Water samples were analyzed for total suspended solids (TSS), volatile 
suspended solids (VSS), total dissolved nitrogen (TDN), and DOC. The VSS of the 
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sample indicates the amount of particulate organic material present in the sample, and 
was used to compare the portion of OM that is particulate versus dissolved (Objective 3). 
 
 
Table 1: Summary of water sampling containers, preservatives, and holding times 
 
 
 
CPOM samples for the DOC/TDN leaching and BOD tests were collected fresh 
so that a more complete view of the decomposition process could be obtained than if 
samples were collected from the storm drain or river. This is due to the fact that 
significant leaching from dried (Nykvist 1962; Saunders 1976) and fresh (Gessner 1991) 
leaves has been reported to occur within 24 hours. CPOM samples were collected in 1-
gallon plastic bags and stored at 4°C until testing was conducted. Approximately 20 to 40 
grams each of wood, leaves, and grass were collected. All of these samples were 
collected manually in early Spring of 2014. Samples were taken to the Utah State 
University Intermountain Herbarium, but species identification was not successfully 
completed. Figure 4 illustrates the experiments and measurements that were conducted 
with the samples (Objective 1-3). 
Analyte Container Type Volume Preservation # of 
Replicates 
Holding 
Time 
(days)
DOC Amber Glass 
Vial 
40 mL Phosphoric Acid - 
H3PO4 
3 28 
TSS/VSS Plastic Bottle 100 mL Store at 4°C 3 2 
TDN Plastic Bottle 100 mL Sulfuric Acid - 
H2SO4 
3 28 
12 
 
 
 
 
Figure 4: Diagram of experimental analysis of samples 
 
 
 
Sample Characterization (Objective 1)  
 The samples were analyzed to determine their COD and carbon to nitrogen ratio. 
The COD test was conducted according to the Hach Reactor Digestion Method (Method 
8000). Total carbon and nitrogen were determined by combustion followed by IR and 
thermal conductivity detection, respectively, at the Utah State University Analytical 
Laboratory (Leco TruSec C/N Analyzer). 
 
Leaching Test (Objective 2) 
 Known masses (1-3 g) of solids from the fresh plant and wood samples were dried 
at 60°C overnight. The solids were then added to 900-mL of deionized water in 1 L 
bottles and were kept at 25°C on a mixing platform for 24 hours. At times 1 hour, 3 
hours, 6 hours, and 10 hours, and 24 hours, the entire 900 mL volume of water was 
retrieved from each bottle. Nine hundred milliliters of fresh deionized water was re-added 
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to the 1 L bottles and the bottles were placed back on the mixing platform. The collected 
water was filtered through a 1 mm mesh field sample net filter to capture any suspended 
CPOM particles. The captured material was rinsed from the filter back into the 1 L bottle 
with approximately 5 -10 mL deionized water. A 60 mL volume of subsample filtered 
through the 1mm filter, and 120 mL of subsample filtered through a 0.45µm Whatman 
Glass Fiber filter (Cat No. 1827 047) were separated out from each sample for BOD 
testing. A standard TSS test was conducted using 100 mL of subsample.  A standard VSS 
test was conducted using the filters from the TSS test. Ten mL each of both filtered and 
unfiltered sample were preserved with sulfuric acid and stored at 4°C for COD analysis.  
Approximately 40 mL of the subsample was filtered and placed in three amber vials for 
DOC analysis, and were preserved with phosphoric acid and stored at 4°C until analyzed. 
Approximately 50 mL of the subsample was filtered and placed in a 125 mL plastic bottle 
for TDN analysis, and was preserved with sulfuric acid and stored at 4°C until analyzed. 
DOC analysis was completed using a Teledyne Tekmar Apollo 9000 Combustion TOC 
Analyzer. Analysis of TDN was done using a Seal Analytical AQ2 Automated Discrete 
Analyzer (Serial # 090749). The TDN samples were digested per the EPA Standard 
Method 365.1 prior to analysis. Table 2 summarizes the samples generated during the 
leaching test, and Figure 5 illustrates the process of the leaching test. 
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Table 2: Samples generated from leaching test 
Analyte Volume (mL) Filtered/Unfiltered 
TSS/VSS 100 Unfiltered 
DOC 120 Filtered 
TDN 50 Filtered 
COD 10 Unfiltered 
COD 10 Filtered 
BOD 60 Unfiltered 
BOD 120 Filtered 
 
Figure 5: Sample flow during the leaching test   
 
Biochemical Oxygen Demand (Objective 3) 
 The biochemical oxygen demand (BOD) analyses were conducted in general 
accordance with the procedures found in Standard Methods for Examination of Water 
and Wastewater: 5210 Biological Oxygen Demand (BOD) #1 (APHA 2012), and in The 
Amplified Long-Term BOD Test published by the Georgia Environmental Protection 
Division (GEPD 1989; Appendix B). The Standard Method BOD test (BOD5) provides 
specific laboratory procedures for determining the 5-day BOD for a sample. The GEPD 
method (BODLT) provides laboratory procedures and test specifications for analyzing 
samples for longer periods. A summary of the procedures used in this study is included 
here. For further detail, the full procedures of the BODLT test are included in Appendix 
 
Leaching Bottle 
(up to 2 days) 
cBOD
CPOM 
 
COD
VSS
DOC
TDN
Leachate 
Characterizing 
Experiments
BOD Test 
(20 days) 
  Subsamples  
at 1,3,6,10, 
and 24 
hours 
BOD
nBOD
  
15 
 
 
 
B. The BOD5 test is a standardized test and can be found in Standard Methods for the 
Examination of Water and Wastewater (APHA 2012). 
The 60 mL unfiltered subsample obtained from the leaching test was placed in a 
300-mL bottle, and diluted to a 1 to 5 ratio of subsample to dilution water. The 120 mL 
filtered subsample was divided into two 60 mL samples. Both 60 mL volumes were 
placed in 300 mL BOD bottles and diluted to a 1 to 5 ratio, but one of the bottles also had 
a nitrification inhibitor added in accordance with Section 4.e.6 of APHA (2012). Dilution 
water was obtained from the Logan River which is located adjacent to the Utah Water 
Research Laboratory where the BOD test was conducted.  Dilution water was prepared in 
accordance with Section 4.a of APHA (2012). Bottles were placed in an incubator at 
20°C in the dark, and DO measurements were taken in each bottle every 2-3 days and 
recorded until the change in DO was less than 0.1 mg/L/day or to Day 20, whichever 
occurred first. If the change in DO was less than 0.1mg/L/day, the bottle was placed in 
the incubator and no longer analyzed for DO. On the 20th day of the experiment, the DO 
was measured for all bottles. In the event that the DO levels in the sample dropped below 
3.0 mg/L during the test, reaeration was performed in accordance with Section 2.5.5 of 
BODLT (GEPD 1989).  
 
Statistical Methods 
Data analyses, including linear regression, and standard statistical values (mean, 
confidence intervals, standard of deviation, analysis of variance (ANOVA), etc.) were 
used to determine statistical significance of the results. Triplicate tests were used to 
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determine laboratory procedure variance, and triplicate samples were taken to measure 
sampling procedure variance.  
Table 3 contains a summary of the experiments that were conducted as part of this 
study, the data they each generated, and the significance of the data. 
 
Table 3: Summary of experiments, data generation and significance to study 
 
Experiment Samples 
Tested
Data Generated Significance 
Carbon/Nitrogen 
Content 
(Objective 1) 
CPOM % Carbon 
% Nitrogen 
‐ C:N ratio used in solids 
classifications and 
regression building 
DOC/TDN 
Leaching 
(Objective 2) 
Leachate DOC generated – 
mg DOC/L 
TDN generated -
mgN-NO3/L 
‐ Leaching rate used in 
development of 
DOC/TDN mitigation 
strategies 
‐ Leachate used in BOD 
testing of soluble 
organic carbon and 
nitrogen 
BOD  
50% of tests run 
with nitrifying 
inhibitors 
(Objective 3) 
Leachate  BODu - mg O2/L 
cBODu - mg O2/L 
nBODu - mgO2/L 
 
‐ Determines 
biodegradable fraction 
of DOC and TDN 
‐ Used in identifying 
actions to be taken to 
mitigate impacts 
‐ Used in calculating rate 
constants “k” for 
cBODu and nBODu. 
Total (TSS) and 
Volatile 
Suspended Solids  
(VSS) 
Total Dissolved 
Nitrogen (TDN) 
(Objectives 2 & 
3) 
Water Samples 
and Leachate  
TSS - mg/L 
VSS - mg/L 
TDN - mg/L 
‐ Quantified amount of 
organic material in 
particulate form; 
includes all forms of 
volatile organic 
materials  
‐ Indicated background 
levels of TDN in system 
Chemical Oxygen 
Demand (COD) 
(Objectives 1,2 & 
3) 
Water Samples 
and Leachate  
COD - mg/L ‐ Results compared to the 
BOD of the sample; 
possible way to estimate 
BOD  
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RESULTS AND DISCUSSION 
 
Objective 1: Determination of Chemical Characteristics of CPOM Types 
Carbon and Nitrogen Content of CPOM Samples 
 
 The CPOM samples used in this study were collected from Liberty Park in Salt 
Lake City, UT in the Spring of 2014. They were analyzed for carbon and nitrogen content 
at the Utah State University Analytical Laboratory in Logan, UT after they were dried 
and ground to a powder. The samples showed varying percentages of both nitrogen and 
carbon, with wood having the highest carbon to nitrogen ratio (81.8:1), and grass having 
the lowest (13.3:1). These results are summarized in Table 4, and are consistent with the 
understanding that woody organic materials are higher in lignin and cellulose content 
than green leafy organic materials. Also, these results were used in comparison to results 
presented in later sections of this study. 
 
Table 4: Carbon and nitrogen content of CPOM samples 
Sample Type % Total 
Nitrogen 
% Total 
Carbon 
C/N Ratio 
Wood 0.55 45.0 81.8 
Leaves 3.47 46.3 13.3 
Grass 3.93 44.5 11.3 
 
   
Chemical Oxygen Demand of CPOM Samples 
 The CPOM samples were analyzed for chemical oxygen demand (COD) of the 
dried and ground samples at the Utah Water Research Laboratory. The COD of the 
CPOM solids (Table 5) shows a high amount of variability among the triplicate samples 
for each type of CPOM, and therefore statistically they are not significantly different 
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from each other. The high amount of variability in the leaf samples could be due to the 
variations in the structure of the leaf. Even though the samples were ground and 
homogenized per standard procedures it is possible that the samples contained varying 
amounts of leaf lamina (potentially more labile) and leafstalk (potentially more 
recalcitrant). 
 
Table 5: Chemical oxygen demand of CPOM solids 
Sample Type COD (mg/L/g 
solid) 
Wood 529 ± 80 
Leaves 1,090 ± 778 
Grass 655 ± 281 
 
 
Objective 2: Determination of Generation Rate of Leachate Parameters 
 The CPOM samples were used in a leaching test to determine the generation rate 
of certain parameters that could be used to predict oxygen demand associated with the 
CPOM particles in water. The parameters measured were total and volatile suspended 
solids (TSS and VSS), dissolved organic carbon (DOC), and total dissolved nitrogen 
(TDN). Samples were obtained from the leaching test by removing the entire volume of 
water from the reactor at 1, 3, 6, 10, and 24 hours from the time the solids were placed in 
the reactor. Analyses were conducted on the water removed and not the solids placed in 
the reactor. After the leachate water was removed fresh water was placed in the reactor 
and the leaching test continued until the next sampling time. Figure 6 shows a typical 
result of the leaching test. 
The leaching test and subsequent analyses were performed three times. The first 
two tests were considered preliminary for the purposes of determining proper dilution 
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ratios, and to refine laboratory methods during the analysis. The results of the third and 
final leaching test and analyses are presented here with a few references to the 
preliminary tests for comparison. (Selected results from preliminary testing are located in 
Appendix C.) 
 
 
Figure 6: Typical result of the leaching test (DOC concentration versus leaching time is 
shown in this graph as a function of CPOM type) 
 
The results presented in the remainder of this section are shown in units of 
milligram of analyte per gram of dry solid in the leaching reactor per hour(s) of leaching. 
This is obtained from taking the results of the analyses and dividing them by the mass of 
dry solids placed in the leaching reactor at the start of the test. This result is then divided 
by the number of hours since the prior sampling event. For example, a sample taken at 
the 6th hour would be divided by 3 since it had been 3 hours since the prior t = 3 hour 
sampling event.  
The generation of each parameter was evaluated to determine if it would be more 
accurately modeled by a first or second-order model. Accuracy was based on the linearity 
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of the data after the first or second order transformation. Once it was determined which 
model more accurately described the data, the rate constant for the parameter was 
estimated. 
First-order approximation models take the form of an exponential model, 
Equation 1, where L = concentration at time t, mg/L, Lo = initial concentration, mg/L; and 
k = first order rate constant, 1/hr.  
L ൌ L୭eି୩୲            (1) 
This expression can be rearranged and natural log-transformed to allow the determination 
of the rate constant as shown in Equation 2. 
   ln ቀ ୐୐౥ቁ ൌ െkt (2) 
The natural log of the quotient of the parameter at time i over the initial parameter 
reading were plotted against the leaching time. The slope of this plot is the first-order rate 
constant in units of 1/hour. The 95% confidence intervals on the slope were also 
calculated to determine its level of significance (P<0.05). For first-order approximations, 
a smaller value for k indicates a slower rate of transformation. 
The integrated form of second-order approximation models take the form shown 
in Equation 3. 
  ଵ୐ െ
ଵ
୐౥ ൌ kt              (3) 
Once the data were in this form they were plotted against time and the slope of the 
regression line was the second-order rate constant “k,” with typical units of 1/(mg/L-day). 
Again, the 95% confidence intervals on the slope were calculated to determine its level of 
significance (P<0.05). For second-order approximations a higher rate constants indicate a 
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smaller change between concentrations for each time step, and thus a slower rate of 
transformation. 
Total and Volatile Suspended Solids 
Production rates for total and volatile suspended solids (TSS and VSS) were 
found by analyzing the leachate samples from each of the subsamples taken at 1, 3, 6, 10, 
24 hours from the start of the leaching experiment. Due to many of the results being 
below the detection limit for the method used, and the high amounts of variability in the 
data, these results are not presented here, but the raw data can be found in Appendix D.   
Dissolved Organic Carbon 
Generation of dissolved organic carbon (DOC) during the leaching test was 
analyzed and the results are shown in Table 6 and Figure 7. DOC generation from each of 
the CPOM types followed a similar pattern during the test, but the leaf and grass samples 
produced nine to 10 times more DOC than the wood samples. These results also indicate 
there is a significant difference between the amounts of DOC leached from each of the 
materials from 1-6 hours from the start of the test. After 6 hours the different materials 
begin to have similar DOC generation rates. Also, within 1-3 hours 87% - 92% of the 
total DOC measured during the analysis is leached from the materials.  
Rate constants of DOC generation were also calculated for each CPOM type 
using a second-order approximation (Table 7, and Appendix E). The 95% confidence 
interval indicates that each rate constant is statistically significant since the confidence 
region does not include zero, and that all rates are statistically the different. An ANOVA 
analysis of the three rates compared to each other confirmed this (P = 0.02). These results 
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also indicate that DOC is being generated from wood at a significantly slower rate than 
from leaves and grass. 
 
Table 6: Generation of DOC during leaching test 
DOC (mg/g/hour) 
CPOM 
Type 
Leaching Time (hours) 
1 3 6 10 24 
Wood 6.5 ± 0.63 1.5 ± 0.12 0.64 ± 0.4 0.35 ± 0.57 0.21 ± 0.19 
Leaves 64.3 ± 3.15 16.4 ± 1.1 4.7 ± 1.3 2.5 ± 1.2 1.2 ± 0.49 
Grass 52.0 ± 3.9 11.7 ± 1.8 3.5 ± 1.6 1.7 ± 2.3 0.66 ± 1.0 
 
 
 
Figure 7: Generation of DOC during leaching test (95% conf. interval shown) 
 
Table 7: DOC generation second-order rate constants (95% conf. interval shown) 
CPOM Type  Rate Constant k (1/(mg/g-
hour) 
R2 
Wood 0.204 ± 0.074  0.93 
Leaves 0.037 ± 0.002 0.99 
Grass 0.068 ± 0.013 0.99 
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Total Dissolved Nitrogen 
Generation of total dissolved nitrogen (TDN) during the leaching test was 
analyzed and the results are shown in Table 8 and Figure 8. The results of this analysis 
indicate that grass generates the highest levels of TDN during the first 1-10 hours of the 
test. Also, during the first hour of the test the materials are significantly different in the 
amount of TDN they produce. After that they are no longer significantly different. During 
the first 1-3 hours of the test 83% -87% of the total TDN measured during this analysis 
was leached from the materials.  
TDN generation rates were calculated for this dataset using a second-order 
approximation, and are shown in Table 9. The 95% confidence intervals do not overlap 
and do not include zero so each of the three constants are statistically different. An 
ANOVA analysis of the three rates compared to each other confirmed this (P=0.007). 
The higher rate constants for wood indicate that TDN is being generated from wood at a 
slower rate than from grass and leaves. 
 
Table 8: Generation of TDN during leaching test 
TDN (mg/g/hour) 
  Leaching Time (hours) 
CPOM Type 1 3 6 10 24 
Wood 0.33 ± 0.06 0.06 ± 0.01 0.04 ± 0.02 0.03 ± 0.01 0.01 ± 0.0 
Leaves 1.9 ± 0.15 0.63 ± 0.03 0.18 ± 0.18 0.14 ± 0.03 0.06 ± 0.0 
Grass 2.9 ± 0.45 0.66 ± 0.67 0.45 ± 0.31 0.14 ± 0.03 0.05 ± 0.02
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Figure 8: Generation of TDN during the leaching test (95% conf. interval shown) 
 
Table 9: TDN generation second-order rate constants 
CPOM Type Rate Constant k (1/(mg/g-
hour) 
R2 
Wood 5.38 ± 1.25 0.96 
Leaves 0.68 ± 0.02 0.99 
Grass 0.91 ± 0.31 0.99 
 
 
Objective 3: Compare Laboratory Results to Jordan River Water Samples, and 
Determine the Biochemical and Chemical Oxygen Demands of the Leachate from 
the CPOM Samples. 
River Water and Leaching Test Comparison 
The results of the leaching test were compared to the results of water samples 
collected from the Jordan River at 9th South. Water samples were collected on three 
different days with no rain and were analyzed for DOC.  
In order to compare the leaching test results to the water sample results it was 
necessary to estimate concentrations based on visual observations in the 13th South storm 
drain pipe using results from the leaching test and an organic matter dilution factor for 
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each of the CPOM types (Wdil, Ldil, Gdil). The dilution factor was used to more closely 
describe the mass of wood, leaves, and grass observed in the Jordan River since this was 
not considered when conducting the leaching test. The mass of organic material in the 
storm drain pipe (MPwood, MPleaves, MPgrass,) was estimated by multiplying the mass of 
organic material (Mwood, Mleaves, Mgrass) by its dilution factor and the ratio of the pipe 
volume (Volpipe) and the reactor volume (Volreactor). Volpipe  is known from the dimensions 
of the circular pipe. The storm drain pipe concentration estimate (Concpipe) was found by 
multiplying the leaching test DOC (Table 9) results for wood (Wtest i), leaves (Ltest i), and 
grass (Gtest i) by the mass estimated in the pipe and the leaching time for each of the five 
subsamples (Δti) all divided by Volpipe. “i” is the index for each of the time at which a 
subsample was taken. The values used in this estimation and the results are shown in 
Table 10 and 11, respectively. 
 
MP୵୭୭ୢ ൌ 	M୵୭୭ୢ ∗ Wୢ୧୪ ∗ ୚୭୪౦౟౦౛୚୭୪౨౛౗ౙ౪౥౨     (4) 
MP୪ୣୟ୴ୣୱ ൌ 	M୪ୣୟ୴ୣୱ ∗ Lୢ୧୪ ∗ ୚୭୪౦౟౦౛୚୭୪౨౛౗ౙ౪౥౨     (5) 
MP୥୰ୟୱୱ ൌ 	M୥୰ୟୱୱ ∗ Gୢ୧୪ ∗ ୚୭୪౦౟౦౛୚୭୪౨౛౗ౙ౪౥౨      (6) 
Conc୮୧୮ୣ ൌ 	 ∑ ሺሺ୛౪౛౩౪	౟∗୑୔౭౥౥ౚሻାሺ୐౪౛౩౪	౟∗୑୔ౢ౛౗౬౛౩ሻ
ఱ౟సభ ା൫ୋ౪౛౩౪	౟∗୑୔ౝ౨౗౩౩൯∗∆୲౟
୚୭୪౦౟౦౛    (7) 
 
 Flow data obtained from a USGS stream gauge site at 1700 South in Salt Lake 
City was used to find QJR. QJR was then divided by a visually estimated velocity (VJR) to 
get a flow area (AJR) for the river reach where the samples were collected. The AJR was 
converted to a flow volume (VolJR) by multiplying it by a 1 foot cross section of river.  
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A୎ୖ ൌ ୕ె౎୚ె౎       (8) 
Conc୎ୖ ൌ 	Conc୮୧୮ୣ ୚୭୪౦౟౦౛୚୭୪ె౎      (9) 
 
Table 10: Mass estimation calculation summary 
Volume Estimation   Mass Estimation 
QJR 180 CFS 
 Leaching Test 
Mass (g) 
 Dilution 
Factors 
 Mass in 
Volpipe 
VJR 2 FPS Mwood 4.00 Wdil 0.05 MPwood 124 g
AJR 90 SF Mleaves 1.84 Ldil 0.10 MPleaves 57 g
VolJR 2,548 L Mgrass 2.60 Gdil 0.05 MPgrass 80 g
Volpipe 556 L        
Vol reactor 0.9 L        
 
 
 
 The results of this comparison indicate that the leaching can accurately estimate 
DOC loading (Table 11).  
 
Table 11: Comparison of water sample and leaching test sample analyses 
 TSS 
Concentration 
(mg/L) 
VSS 
Concentration 
(mg/L) 
DOC 
Concentrations 
(mg/L) 
Estimated  0.56 0.86 10.1 
Measured  48 ± 20 11.0 ± 5.0 10.3± 2.0 
 
 
Chemical and Biochemical Oxygen Demands of Leachate from CPOM 
The leachate from the leaching test was analyzed for chemical and biochemical 
oxygen demand (COD and BOD) to determine the oxygen demands associated with the 
CPOM-derived particulate and dissolved materials.  The analyses were conducted at the 
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Utah Water Research Laboratory, and followed the methods outlined in earlier sections 
of this study.  
Chemical Oxygen Demand 
Production rates of chemical oxygen demand (COD) were analyzed as both 
filtered and unfiltered leachate from the leaching test.  The rate of production of COD 
was highest for both the filtered and unfiltered samples during the first 1 hour of the test, 
then decreased throughout the remainder of the study (see Tables 12 and 13; Figures 9 
and 10). The results of this analysis also indicate that there is not a significant difference 
between the unfiltered and filtered COD results (with exception of the 10-hour samples, 
see Figure 11). From this it is inferred that the COD of this study can be attributed to the 
dissolved material in the sample. This small amount of particulate COD is consistent with 
the low solids concentrations in these leachate samples reported above. The rate constants 
of COD generation were also calculated and are presented in Table 14 as a mean value 
for the combination of unfiltered and filtered since the two datasets are not significantly 
different. The three rates are significant because their 95% confidence intervals do not 
overlap zero. An ANOVA analysis of the rates produced a P-value equal to 0.056 which 
conflicts with the confidence interval results. According to the ANOVA analysis the rate 
constants are uniquely significant at P<0.1 or at a 90% confidence interval.    
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Table 12: Generation of COD in unfiltered leachate from leaching test (95% conf. 
interval shown) 
COD (Unfiltered) (mg/g/hour) 
  Leaching Time (hours) 
CPOM Type 1 3 6 10 24 
Wood 21.1 ± 1.9 3.6 ± 0.36 2.92 ± 1.7 1.8 ± 0.37 0.74 ± 0.23 
Leaves 172 ± 17.0 49.7 ± 0.39 14.5 ± 2.5 9.0  ± 0.81 3.3 ± 0.12 
Grass 127 ± 5.3 30.5 ± 3.2 8.4 ± 1.6 4.1 ± 1.4 1.8 ± 0.37 
 
Table 13: Generation of COD in filtered leachate from leaching test (95% conf. interval 
shown) 
COD (Filtered) (mg/g/hour) 
  Leaching Time (hours) 
CPOM Type 1 3 6 10 24 
Wood 10.1 ± 2.6 4.3 ± 1.7 2.1 ± 0.62 1.5 ± 0.71 0.73 ± 0.23 
Leaves 169 ± 7.2 49.7 ± 1.4 14.0 ± 2.7 6.5 ± 0.36 2.6 ± 0.07 
Grass 122 ± 5.9 31.0 ± 3.0 9.2 ± 1.8 5.9 ± 1.7 1.5 ± 0.22 
   
 
 
Table 14: COD generation second-order rate constants (95% conf. interval shown) 
CPOM Type Rate Constant k 
(1/(mg/g-hour) 
R2 
Wood 0.057 ± 0.012 0.91 
Leaves 0.015 ± 0.002 0.99 
Grass 0.028 ± 0.003 0.98 
 
 
 
 
Figure 9: Generation of total COD in leachate (95% conf. interval shown) 
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Figure 10: Generation of soluble COD in leachate (95% conf. interval shown) 
 
Biochemical Oxygen Demand 
Rates of production of ultimate total, carbonaceous, and nitrogenous biochemical 
oxygen demand (BODu, cBODu, and nBODu) were analyzed and the results are 
summarized in Tables 15, 16, and 17 and Figures 11, 12, and 13. The results of these 
analyses indicate that the generation rates follow a similar pattern as the other parameters. 
Results show that the percentage of total BODu that is carbonaceous is between 83% and 
100%, and that during the first 1-3 hours 93% - 95% of the total BODu and 93%-94% of 
the total cBODu generated during the test were leached. The results of the nBODu were 
not consistent with expected results. This is likely due to the fact that dissolved oxygen 
(DO) levels for the 1 and 3 hour leaf and grass samples dropped below 0.50 mg/L several 
times during the 20-day test period. When the DO levels get that low the aerobic 
nitrification process is halted and no longer produces nitrate. The DO levels were able to 
drop to that level because the oxygen depletion rates were so rapid that the laboratory 
procedure for reaeration could not be performed sufficiently often enough to maintain a 
0
20
40
60
80
100
120
140
160
180
200
0 5 10 15 20 25 30
C
O
D
 (m
g/
g/
ho
ur
)
Leaching Time (hours)
COD (Filtered) vs Leaching Time
Wood
Leaves
Grass
30 
 
 
 
more desirable DO level in the test bottle. Results that were below the detection level 
have been omitted. 
 
Table 15: Ultimate total BOD generated during leaching test 
Total BODu (mg/g/hour) 
CPOM 
Type 
Leaching Time (hours) 
1 3 6 10 24 
Wood 9.3 ± 2.7 1.5 ± 0.07 0.33 ± 0.20 0.32 ± 0.04 0.16 ± 0.03 
Leaves 96.4 ± 10.2 24.9 ± 2.5 3.3 ± 1.6 2.2 ± 0.47 1.1 ± 0.18 
Grass 65.0 ± 3.1 18.2 ± 1.7 3.2 ± 0.31 1.9 ± 0.37 0.71 ± 0.10 
 
 
Table 16: Ultimate carbonaceous BOD generated during leaching test 
cBODu (mg/g/hour) 
CPOM 
Type 
Leaching Time (hours) 
1 3 6 10 24 
Wood 7.0 ± 2.3 1.5 ± 0.19 0.14 ± 0.13 0.37 ± 0.08 0.2 ± 0.06 
Leaves 99.9 ± 6.6 21.3 ± 2.8 6.2 ± 1.8 2.2 ± 0.57 1.2 ± 0.28 
Grass 64.9 ± 2.9 16.0 ± 2.6 3.6 ± 0.84 1.6 ± 0.65 0.76 ± 0.06 
 
 
 
Table 17: Ultimate nitrogenous BOD generated during leaching test 
nBODu (mg/g/hour) 
CPOM 
Type 
Leaching Time (hours) 
1 3 6 10 24 
Wood 2.2 ± 0.76 0.05 ± 0.13 0.20 ± 0.32   
Leaves  3.5 ± 4.8    
Grass 0.14 ± 3.7 2.2 ± 1.3  0.25 ± 0.37  
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Figure 11: Soluble total BODu generated during leaching test (95% conf. interval 
shown) 
 
 
 Figure 12: cBODu generated during leaching test (95% conf. interval shown) 
 
 
 
  
Figure 13: nBODu generated during leaching test (95% conf. interval shown) 
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BOD Decay Rate Constants 
 The decay rate constants for each of the BOD tests were calculated using the 
Thomas Method (Metcalf and Eddy 1979). This method uses a series expansion of the 
BOD equation (Equation 10), which is then rearranged to linearize the results (Equation 
11). The raw BOD data are time adjusted (tadj) for a lag phase (0 – 5 days), and BOD 
associated with nitrification is disregarded. 
ܻ ൌ ܮ଴ሺ1 െ ݁௞భ௧ሻ      (10) 
ሺ௧௒ሻ
భ
య ൌ ௞భ
మ
య
଺௅బ
భ
య
ݐ ൅ ሺ݇ଵܮ଴ሻି
భ
య                 (11) 
A plot of the adjusted data is produced with adjusted time on the x-axis and adjusted time 
over BOD all to the one-third power on the y-axis (see Figure 14). The slope and 
intercept of the linear regression line provide two equations that can be used to determine 
the values of the ultimate BOD and the decay rate constant (base e) for the data set. This 
method is only valid for the cBODu measurements. The results of these calculations are 
shown in Table 18, and indicate that the BOD decay rates for leaves and grass were at a 
maximum in the 1-hour samples, and a minimum in the 3-hour samples. The 6-, 10-, and 
24-hour samples are statistically the same. This suggests that the material in the 3-hour 
samples is less biodegradable than at 1 hour. It also suggests that the materials in the 6-, 
10-, and 24-hour samples are similar to each other in biodegradability. The 1-hour wood 
decay rate constant was the highest rate produced, and is consistent with that of treated 
wastewater effluent (Masters and Ela 2008). The 3-, 10-, and 24-hour samples are 
statistically the same. Again, this suggests that there is a portion of soluble material that 
leaches from the wood and is highly biodegradable.  Due to the high levels of variability 
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the rates for wood in the 6-hour samples have been excluded from Table 18 and Figure 
15. Also, for summary tables of the Thomas Method calculations please refer to 
Appendix F.   
 
 
Figure 14: Example of a Thomas Method plot 
 
Table 18: BOD decay rate constants 
Decay Rate Constant “k” (1/day) 
 Leaching Time (hours) 
CPOM Type 1 3 6 10 24 
Wood 0.29 ± 0.06 0.04 ± 0.01  0.04 ± 0.02 0.03 ± 0.01
Leaves 0.08 ± 0.01 0.01 ± 0.00 0.02 ± 0.00 0.02 ± 0.01 0.02 ± 0.00
Grass 0.09 ± 0.00 0.01 ± 0.00 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.00
 
 
Figure 15: cBODu decay rate constants 
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Analysis of CPOM Composition 
 
Comparison Plots and Regression Equations 
The results of the  DOC, TDN, and COD analyses were plotted in comparison to 
soluble BOD and regression equations were determined to evaluate which of these 
parameters was the best indicator(s) for BOD (see Figures 16 and 17). This understanding 
would be useful in determining the BOD associated with a parameter that is more easily 
or quickly measured. The DOC and COD analyses produced the highest correlation 
coefficients (0.9893 and 0.9956, respectively) that suggest that DOC and COD would be 
good parameters for use in predicting BOD.  
There are a few exceptions to this pattern such as for the BOD to DOC ratio for 
wood, which has a sharp increase from 6 to 10 hours then a gradual decrease to 24 hours. 
Figure 18 shows the graph of the ratio of BOD to DOC vs time. The graphs of BOD to 
COD and BOD to TDN are located in Appendix D. This suggests that the substances 
leaching from the CPOM samples during the first 1-3 hours are the most labile, but with 
continuing contact with water there continues to be somewhat less biodegradable organic 
material leaching at a steady rate.  
 
Carbon to Nitrogen Ratio in Leachate 
 The ratio of carbon to nitrogen in the leachate was determined using the DOC and 
TDN results. Comparing the C:N ratio in the leachate to the C:N ratio in the solids gives 
an indication of the nature of the material leaching out of the solids. Table 19 contains the 
C:N ratio of the solids and the leachate. 
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Figure 16: Comparison of DOC to total BODu 
 
 
Figure 17: Comparison of COD to soluble total BODu 
 
 
Figure 18: Ratio of total BODu to DOC versus leaching time 
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Table 19: C:N ratio of the CPOM solids and leachates 
C:N Ratios 
CPOM 
Type Solids Leachate 
Wood 81.8 20.6 ± 5.6 
Leaves 13.3 23.0 ± 5.9 
Grass 11.3 12.9 ± 2.8 
 
 
The wood samples show a decrease in the C:N ratio from the solids to the 
leachate which suggests that the carbon compounds in the wood are less soluble than the 
small amounts of nitrogen compounds contained in the wood. Conversely the ratio 
increases for leaves which suggests the carbon compounds are more soluble than the 
nitrogen compounds. The ratio for grass is statistically the same for both the solids and 
the leachate which suggests the carbon and nitrogen compounds are equally soluble.  
 The ideal C:N ratio for biological breakdown of organic material has been 
determined to be 30 to 35 (Washington State University-Whatcom County Extension 
2014 ), so the results of this study indicate that CPOM comprised of wood, leaves, and 
grass produce conditions that are nitrogen rich in the leachate. These results indicate that 
the biological processes involved in the decomposition of organic matter are dependent 
on the amount and type of carbon present, and not the amount of nitrogen.  
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SUMMARY OF RESULTS AND DISCUSSION 
 
The impact of the CPOM collected and stored in storm drains and outlets into the 
Jordan River has been partially quantified in this study by comparing the rate of 
decomposition of CPOM in water into particulate and dissolved materials to its 
associated oxygen consumption. Also shown was that 87% to 92% of the total dissolved 
material generation and 93% - 95% of the total oxygen demanding materials leaches from 
the CPOM within the first 1 to 3 hours after the CPOM enters the water.  
By comparing the results of DOC, COD, and BOD analyses, it was determined 
that DOC and COD are good parameters for use in predicting the BOD of a CPOM-
derived dissolved organic material. It was also determined that the nature of the material 
leaching from CPOM in water varies with time with the most labile materials being 
generated within the first 1 to 3 hours after entering the water. Also, the ratio of carbon to 
nitrogen in the leachate suggests that the processes are regulated by the levels of 
biodegradable carbon. Therefore using DOC to estimate BOD would be justified. 
Generation rate constants for DOC, TDN and COD were calculated and presented 
for each CPOM type. DOC and TDN rate constants were estimated with a second-order 
approximation, and were analyzed separately for each CPOM type. This produced three 
rate constants which were averaged and a confidence interval was determined.  Table 20 
shows the overall generation rate for each parameter in the leaching test.  
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Table 20: Overall generation rate constant for each parameter 
Parameter Rate Constant (1/mg/g-hour) 
DOC 0.10 ± 0.05
TDN 2.32 ± 1.54
COD 0.035 ± 0.014
 
Engineering Significance 
Based on the results of this study, it can be said that CPOM captured in storm 
drain systems can have a significant impact on the dissolved oxygen levels in the storm 
and river water into which the CPOM is discharged within just a few hours after entering 
the waterway. However, the true magnitude of the impact of CPOM on the Jordan River 
has not been determined in this study because only estimations were made of flow and 
mass loading rates to the river. Further study of stream and storm drain flow rates and 
CPOM loading rates in the watershed is necessary to determine the extent of mitigation 
efforts necessary to improve water quality in the Jordan River.  
This study does provide an understanding of what type of mitigation efforts 
should be implemented if it is confirmed that they are necessary. While the final selection 
of mitigation efforts is dependent on the loading and flow rates to be mitigated, a few 
possible structural and non-structural solutions are discussed below.  
Non-Structural Solutions 
A non-structural solution is one that does not involve construction of a structure 
such as a best management practice (BMP) or an existing storm drain. These solutions 
would involve changes to or implementation of management practices that are intended 
to reduce CPOM loading or prevent CPOM from entering storm drains or waterways in 
the first place. An example of this would be Salt Lake City’s Curbside Compost program 
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that is already in place (http://www.slcgov.com/slcgreen/curbsidecompost). While the 
purpose of this program is to reduce loading on the city’s landfill, it could also be used to 
encourage Salt Lake City residents to more closely manage the amount of yard waste that 
escapes their yards and ends up in a storm drain or gutter.   
Salt Lake City also conducts routine street-sweeping operations throughout the 
city. On average the City sweeps the entire city every 40 days 
(http://www.slcgov.com/streets/streets-traffic-operations). These efforts could be 
modified to plan their sweepings in areas that produce the highest CPOM loadings 1-2 
days prior to an anticipated storm event. Limitations with this solution include the fact 
that with rain often comes wind and freshly swept curbs can quickly fill with wind-blown 
debris and leaves.   
Structural Solutions  
 A structural solution is one that would involve installation and maintenance of a 
structure such as a bio-swale, storm drain, or mechanical CPOM removal system. As with 
non-structural solutions, the selected solution is dependent on results of future studies of 
CPOM loading and stream and storm drain flow rates. Based on the understanding from 
this study that the majority of the BOD is generated within the first 1 to 3 hours after the 
CPOM enters the water, the selected solution should be located in the watershed where it 
can remove any CPOM in the water within a matter of minutes after it entered. Also, the 
selected solution must be able to completely remove the CPOM from the water in order 
to prevent further leaching of CPOM to generate soluble BOD in the stormwater. The 
current practice of capturing the CPOM at storm drain outlets to the Jordan River does 
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not accomplish either of these selection criteria. Table 21 summarizes the benefits and 
drawbacks of different potential solutions that could be implemented. 
QUAL2kw Water Quality Model 
The results of this study can also be applied to water quality modeling efforts using 
models like QUAL2Kw or similar programs. This study has developed a better 
understanding of the cBODu rate constants that can be applied to the Jordan River 
QUAL2Kw model. This model considers the initial cBOD loading rates from point and 
non-point sources, as well as a “fast” and “slow” decay rate for cBOD. During the first 
phase of the Jordan River TMDL study, the QUAL2kw model had no values inputted for 
cBODu loading, and the “fast” and “slow” decay rate constants was left at the default 
value of 0.06. Results presented in previous sections from this study suggest a more 
appropriate value would be in the range of 0.08/day to 0.09/day for “fast” and 0.01/day to 
0.02/day for “slow”. This indicates that the QUAL2Kw model underestimates the “fast” 
cBOD decay while overestimating the “slow” cBOD decay. The ultimate effect of these 
incorrect estimations is dependent on the estimates of initial cBOD both in the 
headwaters as well as the river reaches. 
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Table 21: Summary of potential solutions for CPOM impact to the Jordan River 
Solution Benefit Drawback 
Modify Green Waste 
Collection Program 
(Non-Structural) 
- Already implemented 
- No construction 
required 
- Program must be 
managed continually 
for the foreseeable 
future 
- May require additional 
city/county staff 
Modify Street Sweeping 
Program 
(Non-Structural) 
‐ Already implemented  
‐ Manages other pollutants 
as well 
- Requires anticipation of 
rain events 
- Storms can cause 
additional CPOM to fall 
and enter storm drains 
Bio-swale  
(Structural) 
- Utilizes natural processes 
for pollutant removal 
- Removes other pollutants 
as well 
- Can retain CPOM until 
removed by routine 
maintenance 
- Pollutant removal 
efficiencies well studied 
- Requires routine 
maintenance of CPOM 
removal and landscaping 
- Can only treat portion of 
flows; would require 
significant reconfiguring 
of storm drain system 
Self - Cleaning Trash 
Screen 
(Structural) 
- Continuous removal of 
trash and CPOM in 
waterway 
- Can be self-powered to 
eliminate motors etc. 
(Example photos located 
in Appendix E)  
- Only treats trash and 
CPOM problems 
- Requires routine 
maintenance  
- May not be appropriate 
for flows and loading at 
13th and 9th South 
locations 
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CONCLUSIONS 
 
 
 
 The hypothesis of this study was that CPOM stored in the storm drain systems 
that discharge into the Jordan River results in significant input of biochemical oxygen 
demand (BOD) during storm events in the form of biodegradable dissolved organic 
carbon (DOC) and biodegradable OM was studied using three objectives. The three study 
objectives are restated below as well as conclusions associated with each objective: 
Objective 1: Determination of chemical characteristics of CPOM types. 
The conclusions drawn as part of Objective 1 are: 
‐ The organic materials used in this study exhibited difference in carbon and 
nitrogen content and chemical oxygen demand. The carbon to nitrogen ratio of the 
wood was approximately 6 to 7 times higher than those of leaves and grass.   
‐ The chemical oxygen demand of the various CPOM exhibited high levels of 
variability among the triplicate samples of each CPOM type, and therefore could 
not be considered statistically different from each other. 
Objective 2: Determination of generation rate of various water quality parameters in 
CPOM leachate. 
The conclusions drawn as part of Objective 2 are: 
‐ The CPOM solids in the leaching test exhibited similar patterns for each of the 
parameters analyzed. The maximum normalized amount of each parameter was 
measured in the first hour samples and the minimum normalized amount was 
measured in the last sample.  
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‐ An estimation of TSS, VSS and DOC in the Jordan River using the results of the 
leaching test produced DOC levels that were consistent with those measured in 
water samples taken from the Jordan River. This suggests that based on loading 
and flow rates the Salt Lake City storm drain system could be a significant source 
of CPOM-derived BOD in the Jordan River. 
‐ DOC production in relation to the C:N ratio of the CPOM types was found to be 
consistent with the patterns discussed in McArthur and Richardson (2002), 
namely that the green leafy materials produced 1.5 to 8 times more DOC than 
woody materials. The results of this experiment were in the range of 8 to 10 as 
more from the green materials over the wood materials.  
‐ The change in C:N ratio from the solid to the leachate indicate that there are 
significant differences in the materials leaching from each CPOM type, and that 
the system is limited by the amount and types of carbon present rather than 
nitrogen. 
Objective 3: Compare laboratory results to Jordan River water samples, and determine 
the biochemical and chemical oxygen demands of the leachate from the CPOM samples. 
The conclusions drawn as part of Objective 3 are: 
‐ There was a correlation between the DOC from the leaching test and the BOD 
test, which means DOC could be used as a surrogate measurement for BOD when 
conducting water sampling in the Jordan River.  
‐ BOD decay rate constants were between 0.08/day and 0.09/day for the 1-hour 
samples, and 0.01/day to 0.04/day for the 3-, 6-, 10-, and 24-hour samples. The 
rate used in the Jordan River QUAL2Kw model was 0.06/day. 
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Future Studies 
This study was conducted to determine the impact of CPOM decomposition in 
storm drains on surface water quality by investigating the rate of decomposition of 
CPOM and the production of oxygen demanding materials once CPOM enters a 
waterway. Future studies that could be conducted to compliment this study might include 
a measurement of CPOM loading to the Salt Lake City storm drain system, as well as an 
evaluation of CPOM sources in the contributing watershed. Also, a study to evaluate the 
effectiveness of structural and non-structural BMPs in the Salt Lake City area could use 
the results from this study to establish initial loading conditions to determine their 
technical and economic viability as a control measure for water quality improvement in 
the Jordan River. 
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Appendix A 
Map of Sampling Locations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
49 
 
 
 
 
50 
 
 
 
 
 
 
 
 
 
 
 
Appendix B 
The Amplified Long Term BOD Test 
Georgia Environmental Protection Division, 
1989 
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Appendix C 
Selected results of preliminary studies 
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The following graphs were generated from data obtained in preliminary tests conducted over a 
240 hour period rather than 48 hours. The magnitudes of the results are less than those presented 
in the final test but the patterns show that beyond 48 hours the decreasing pattern continues for 
both DOC and BOD, 
 
 
 
 
 
 
Remove the bolded header and show 1 decimal place on the y-axis for both figures and all 
numbers. 
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Appendix D 
Raw data from leaching test and subsequent analyses 
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COD Solids (mg/L) 
CPOM 
Type 
 Boat  
(g) 
Sample 
(g) 
Boat + Unused Sample 
(g) 
COD 
(mg/L) 
COD 
(mg/L/mg) 
Wood 1 0.5312 0.003 0.5313 1340 462.07 
Wood 2 0.52 0.0017 0.52 954 561.18 
Wood 3 0.5395 0.0021 0.5397 1136 597.89 
Leaves 1 0.5507 0.002 0.5507 1056 528.00 
Leaves 2 0.5271 0.0017 0.5276 485 404.17 
Leaves 3 0.5065 0.0014 0.5072 1156 1651.43 
Grass 1 0.5575 0.0023 0.5576 1437 653.18 
Grass 2 0.5944 0.0026 0.5945 1018 407.20 
Grass 3 0.5422 0.002 0.5431 994 903.64 
 
 
 
Raw TSS Data (mg/L) 
  Mass of 
Sample (air 
dried) (g) 
Leaching Time (hours) 
CPOM Type 
 1 3 6 10 24 
Wood 1 5.6979 0 1 7 5 2 
Wood 2 3.0369 6 0 0 2 3 
Wood 3 3.2691 0 3 1 3 5 
Leaves 1 1.9145 8 2 0 2 4 
Leaves 2 1.9656 3 7 2 2 2 
Leaves 3 1.6407 2 2 4 4 0 
Grass 1 2.2018 2 0 2 4 6 
Grass 2 2.8786 0 3 1 4 3 
Grass 3 2.7278 5 3 0 0 2 
 
 
Raw VSS Data (mg/L) 
  Mass of 
Sample (air 
dried) (g) 
Leaching Time (hours) 
CPOM Type 
 1 3 6 10 24 
Wood 1 5.6979 3 6 6 5 1 
Wood 2 3.0369 6 4 5 7 3 
Wood 3 3.2691 1 3 3 6 5 
Leaves 1 1.9145 7 2 2 3 3 
Leaves 2 1.9656 5 7 2 5 1 
Leaves 3 1.6407 5 2 3 4 3 
Grass 1 2.2018 5 5 4 4 6 
Grass 2 2.8786 0 5 3 10 3 
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Grass 3 2.7278 5 3 2 0 1 
 
 
 
Raw DOC Data (mg/L) 
  Mass of 
Sample (air 
dried) (g) 
Leaching Time (hours) 
CPOM Type 
 
1 3 6 10 24 
Wood 1 5.6979 43.06 26.38 15.05 7.10 15.49 
Wood 2 3.0369 21.80 7.71 6.86 4.92 9.89 
Wood 3 3.2691 22.99 10.05 4.95 5.95 12.58 
Leaves 1 1.9145 132.23 72.54 33.14 23.10 34.76 
Leaves 2 1.9656 141.11 70.12 32.02 22.25 37.62 
Leaves 3 1.6407 120.77 59.15 22.59 16.90 28.42 
Grass 1 2.2018 123.95 53.18 22.91 16.14 22.63 
Grass 2 2.8786 154.88 84.45 39.45 27.31 34.65 
Grass 3 2.7278 172.02 66.31 29.10 17.56 23.47 
 
 
Raw TDN Data (mg/L) 
  Mass of 
Sample (air 
dried) (g) 
Leaching Time (hours) 
CPOM Type 
 1 3 6 10 24 
Wood 1 5.6979 2.1909 0.6911 0.4644 0.6885 0.7549
Wood 2 3.0369 1.2674 0.4564 0.4677 0.5112 0.4171
Wood 3 3.2691 0.9754 0.4587 0.5938 0.4307 0.3277
Leaves 1 1.9145 4.0393 2.7031 1.6201 1.4078 1.8399
Leaves 2 1.9656 3.9440 2.6220 1.9353 1.1124 1.9905
Leaves 3 1.6407 3.7653 2.4116  0.8854 1.5807
Grass 1 2.2018 8.1647 4.1740 1.8149 1.1136 1.3033
Grass 2 2.8786 8.3016  3.2660 2.2271 3.1146
Grass 3 2.7278 8.2940 6.8945 6.8945 1.7609 1.9936
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Raw COD Data (Unfiltered) (mg/L) 
  Mass of 
Sample (air 
dried) (g) 
Leaching Time (hours) 
CPOM 
Type  
1 3 6 10 24 
Wood 1 5.6979 146 41 24 47 48 
Wood 2 3.0369 68 25 34 20 35 
Wood 3 3.2691 73 28 45 31 48 
Leaves 1 1.9145 357 213 104 83 95 
Leaves 2 1.9656 350 217 99 73 101 
Leaves 3 1.6407 345 180 66 64 87 
Grass 1 2.2018 312 141 56 37 65 
Grass 2 2.8786 391 216 96 70 93 
Grass 3 2.7278 399 175 68 38 61 
 
Raw COD Data (Filtered) 
  Mass of 
Sample (air 
dried) (g) 
Leaching Time (Hours) 
CPOM 
Type  
1 3 6 10 24 
Wood 1 5.6979 55 37 30 35 44 
Wood 2 3.0369 43 27 20 12 40 
Wood 3 3.2691 32 43 29 31 43 
Leaves 1 1.9145 352 213 104 53 79 
Leaves 2 1.9656 362 211 93 57 78 
Leaves 3 1.6407 322 185 63 50 65 
Grass 1 2.2018 286 155 68 45 48 
Grass 2 2.8786 390 213 103 96 78 
Grass 3 2.7278 386 170 68 68 60 
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Raw BODu Data (Filtered) (mg/L) 
  Mass of 
Sample (air 
dried) (g) 
Leaching Time 
CPOM 
Type  
1 3 6 10 24 
Wood 1 5.6979 75.38 19.88 6.68 6.87 11.02 
Wood 2 3.0369 30.83 9.63 4.73 4.22 7.42 
Wood 3 3.2691 25.68 11.08 1.33 4.82 9.32 
Leaves 1 1.9145 202.43 99.03 31.43 15.12 36.72 
Leaves 2 1.9656 191.78 119.58 17.43 22.62 28.07 
Leaves 3 1.6407 192.73 86.78 12.23 15.02 26.37 
Grass 1 2.2018 154.83 80.48 20.58 18.27 24.07 
Grass 2 2.8786 202.63 121.83 31.63 28.17 35.87 
Grass 3 2.7278 206.43 115.08 29.68 18.67 26.17 
 
  Raw BODu Data (Nitrification inhibited) (mg/L) 
  Mass of 
Sample (air 
dried) (g) 
Leaching Time (hours) 
CPOM 
Type  
1 3 6 10 24 
Wood 1 5.6979 57.70 18.50 2.45 6.85 13.05 
Wood 2 3.0369 20.20 7.80 0.45 3.75 7.00 
Wood 3 3.2691 18.90 10.85 1.40 5.55 12.10 
Leaves 1 1.9145 201.80 101.90 42.90 14.65 25.05 
Leaves 2 1.9656 212.85 85.70 47.00 23.45 40.15 
Leaves 3 1.6407 193.15 71.95 22.75 13.85 30.45 
Grass 1 2.2018 162.80 65.75 19.50 11.95 25.50 
Grass 2 2.8786 197.40 115.65 34.80 28.50 35.10 
Grass 3 2.7278 197.80 96.85 37.65 14.60 28.95 
 
Raw BODu Data (Unfiltered) (mg/L) 
  Mass of 
Sample (air 
dried) (g) 
Leaching Time  (hours) 
CPOM 
Type  
1 3 6 10 24 
Wood 1 5.6979 67.18 22.73 0.33 4.37 9.77 
Wood 2 3.0369 26.38 6.48 6.23 1.17 11.92 
Wood 3 3.2691 31.33 11.68 6.13 4.32 19.97 
Leaves 1 1.9145 192.18 111.13 39.53 19.22 45.12 
Leaves 2 1.9656 212.48 111.48 31.33 24.27 39.62 
Leaves 3 1.6407 188.63 92.68 21.43 16.87 35.17 
Grass 1 2.2018 133.88 71.88 16.78 11.87 12.32 
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Grass 2 2.8786 195.43 126.48 59.83 29.42 44.27 
Grass 3 2.7278 205.58 91.43 39.83 21.67 29.62 
 
Comparison of VSS to soluble total BODu 
 
 
Comparison of TDN to soluble total BODu 
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BOD to VSS ratio versus leaching time 
 
 
BOD to TDN ratio versus leaching time 
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BOD to COD ratio versus leaching time 
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Appendix E 
First order versus second order plots for parameters analyzed in the leaching tests 
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Appendix F 
Summary data from Thomas Method determination of BOD rate constants. 
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k (1/day) (base e) 
 Leaching Time (hours) 
CPOM Type 1 3 6 10 24 
Wood 0.29 ± 0.06 0.04 ± 0.01 -0.29 ± 0.59 0.04 ± 0.02 0.03 ± 0.01
Leaves 0.08 ± 0.01 0.01 ± 0.00 0.02 ± 0.00 0.02 ± 0.01 0.02 ± 0.00
Grass 0.09 ± 0.00 0.01 ± 0.00 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.00
 
 
BODu (mg/L) 
 Leaching Time (hours) 
CPOM Type 1 3 6 10 24 
Wood 37.3 ± 30.6 13.3 ± 6.5 0.10 ± 1.6 4.7 ± 1.9 11.1 ± 4.1
Leaves 266.9 ± 32.1 97.6 ± 18.4 42.2 ± 17.4 18.6 ± 6.6 36.1 ± 9.2
Grass 244.6 ± 34.8 103.0 ± 31.2 33.3 ± 12.3 19.7 ± 11.0 32.5 ± 5.9
 
 
Lag (days) 
 Leaching Time (hours) 
CPOM Type 1 3 6 10 24 
Wood 1.96 ± 2.16 4.62 ± 0.27 2.35 ± 2.65 3.48 ± 1.27 2.37 ± 0.07
Leaves 0.53 ± 0.04 0.85 ± 0.15 2.55 ± 0.46 1.82 ± 0.36 2.47 ± 0.09
Grass 0.42 ± 0.31 0.08 ± 0.09 1.50 ± 0.68 1.65 ± 0.25 2.18 ± 0.26
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Appendix G 
Photos and summary of Chesapeake Bay water wheel trash collector 
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These photos show a self-powered trash collecting system that was installed in the Inner Harbor 
of Chesapeake Bay in May of 2014. This is one example of the type of installation that could be 
used to collect trash at the discharge locations for the Salt Lake City storm drain system. 
These photos were retrieved on June 26, 2014 from 
http://www.asce.org/CEMagazine/ArticleNs.aspx?id=23622331108#.U6xSHPldWVM. 
 
 
 
 
